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We report on a broadband GaAs/AlAs superlattice detector for THz radiation; a THz field reduces
the current through a superlattice, which is carried by miniband electrons, due to modulation of the
Bloch oscillations of the miniband electrons. We studied the detector response, by use of a free
electron laser, in a large frequency range ~5–12 THz!. The responsivity showed strong minima at
frequencies of infrared active phonons of the superlattice. A theoretical analysis of the detector
delivers an understanding of the role of phonons and gives a characterization of the responsivity.
© 2001 American Institute of Physics. @DOI: 10.1063/1.1352669#In experiments with superlattices showing negative dif-
ferential conductance due to Bloch oscillations, it has been
reported1–3 that THz irradiation of a current carrying GaAs/
AlAs superlattice lead to a reduction of the current through
the superlattice; detection of radiation has been demonstrated
up to 5 THz. In this letter we show that the superlattice
detector, operated at room temperature, can be applied in a
wide frequency range extending beyond 10 THz, and that the
responsivity has minima at the frequencies of infrared active
phonons. We compare the actual responsivity with the theo-
retical upper limit for superlattice detectors on the basis of
Bloch oscillations.
A superlattice ~superlattice A! was grown by molecular
beam epitaxy on a ~100! oriented semi-isolating GaAs sub-
strate and consisted of 100 periods of 14 monolayers GaAs
and 3 monolayers AlAs. It was homogeneously doped with
silicon (831016 cm23) and was embedded in doped graded
layers and 300 nm thick n1 GaAs layers ~doping 2
31018 cm23!. By photolithography and reactive ion etching
we prepared small-area ~1 mm diam! and large-area mesas
and evaporated AuGeNi, forming ohmic contacts after a tem-
perature treatment. From the offset (’1 eV) between the
GaAs and AlAs conduction bands and the thicknesses of the
GaAs well and AlAs barriers, we estimated the width ~70
meV! of the lowest miniband and the gap ~415 meV! to the
next higher miniband. Transport occurred mainly by the
electrons in the lowest miniband. A voltage applied across a
small- and a large-area mesa in series, which were electri-
cally connected by the n1 GaAs layer on the substrate, was
almost the voltage across the small-area mesa. For more de-
tails of sample characterization see Ref. 2.
THz radiation was coupled to the ~small-area! superlat-
tice via an antenna system @Fig. 1~a!# consisting of an AuNi
wire formed to an L antenna near a 90° corner cube reflector
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~wavelength l560 mm, antenna length 4 l, distance from
the apex of the reflector 1.2 l!. The superlattice was con-
nected to a voltage source delivering a static voltage Us .
Current pulses produced by THz pulses were coupled via a
capacitor to a sampling oscilloscope ~time resolution 20 ps!.
As the radiation source we used the free-electron laser
~FELIX! in Nieuwegein, the Netherlands, delivering macro-
pulse trains ~duration 5 ms, repetition rate 5 Hz! and micro-
pulses ~repetition rate 25 MHz, duration 6 ps, pulse power
0.1–10 kW!. The radiation was focused on the detector by an
off-axis parabolic mirror.
The current–voltage characteristic of a superlattice
@points in Fig. 1~b!# shows ohmic behavior for small voltage
and a current peak ~peak–current density ’100 kA/cm2! at a
critical voltage ~0.7 V!, where a negative differential conduc-
tance sets in; in the range of negative differential conduc-
tance the current shows steps because of formation of do-
mains along the superlattice axis. For detection, we operated
the superlattice at the critical voltage, where the responsivity
was largest. The signal ~Fig. 2, inset! had a duration ~30 ps!
that was determined by the monitoring electronic circuit; for
the laser power we used ~pulse energy 2 nJ! there was almost
FIG. 1. Superlattice detector: ~a! setup, ~b! current–voltage characteristic,
~c! equivalent circuit for the THz current.3 © 2001 American Institute of Physics
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of a background signal. We measured the signal height for
different frequencies n of the THz radiation and extracted the
experimental responsivity Rex5tosc /tL (Um /Zosc)Pi21,
where Um is the voltage of the signal maximum,
Zosc (550 V) is the input impedance of the oscilloscope, Pi
is the power of the incident radiation in the focus ~diameter
about 1 mm! in which the antenna was placed, tosc is the
time resolution of the oscilloscope, and tL is the laser pulse
duration.
The experimental responsivity ~Fig. 2, points! shows a
resonance-like behavior with a strong minimum at the infra-
red active transversal optic phonon frequency nTO of GaAs
and a peak at the longitudinal optic phonon frequency nLO ;
the responsivity differs between minimum and maximum by
a factor of 30. Another minimum occurs at the frequency of
the infrared active phonon of AlAs. Earlier results have
shown that outside the phonon resonances, at small THz fre-
quencies, the response decreases as n24 ~dashed line!.
We have also studied the response for a superlattice ~B!
which had a larger miniband width (D’140 meV) and a
larger peak–current density (’200 kA/cm2); we used a
mesa with a diameter of 5 mm. The responsivity ~Fig. 3,
circles!, which we measured up to 10 THz, showed again the
GaAs phonon resonance, with a factor of 50 between mini-
mum and maximum. The responsivity was about an order of
magnitude larger than for superlattice A ~Fig. 3, points!, in-
dicating a more efficient coupling of the THz radiation to the
superlattice B. For an analysis of the experimental results,
we introduce a THz current circuit @Fig. 1~c!#, with the an-
tenna impedance ZA (’100 V), which we assume to be real
and, in parallel to each other, the superlattice impedances Zd
and Ze for dielectric and electron currents, respectively. We
treat the case uZAu@uZdu and assume that for THz frequen-
cies uZdu!uZeu, i.e., that the electron THz current through
the superlattice is small compared to the dielectric THz cur-
FIG. 2. Responsivity of a superlattice detector and signal pulse ~inset!.
FIG. 3. Experimental and theoretical responsivity curves.
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antenna Iv , which flows mainly as dielectric current through
the superlattice causing a THz voltage Uv5ZdIv across the
superlattice. Because of the mismatch between antenna and
superlattice, only a small part of the incident radiation is
absorbed in the superlattice, while the main part is reflected
back from the antenna into the free space ~Pr , reflected
power!. We determine the THz current by the relation hPi
5 12 ZAIvˆ 2, where Ivˆ is the amplitude of the THz current and
h an efficiency for the coupling of the free space radiation to
the antenna; for a perfectly designed antenna h is near 1. The
dielectric impedance of the superlattice is Zd5(ivC)21,
where C(v)5«0«(v)A/L is the capacity of the superlattice,
«0 is the electric field constant, «(v) is the dielectric func-
tion of the superlattice, A is the cross section, and L is the
length of the superlattice. It follows that Uˆ v
5(2hPRA21)1/2L(«0Aiv«)21, indicating that the THz volt-
age amplitude is small if u«(v)u has a large value, which is
characteristic for frequencies of infrared active phonons, and
that the amplitude is large if u«(v)u has a small value, which
is characteristic for longitudinal optic phonon frequencies.
The THz voltage produces a THz field Ev5Uv /L in the
superlattice which acts on the miniband electrons. We con-
sider the motion of one electron ~wave packet! and describe
the interaction of the electron with both the THz field and a
static field ~strength Es5Us /L! by \k˙ 52e(Es
1Eˆ v cos vt), where k is the center wave vector of the wave
packet ~\ is Planck’s constant and e is elementary charge!. In
the case Eˆ v50 it follows for the phase ka5vBt , where a is
the superlattice period and vB5(1/\) eauEsu is the Bloch
frequency. With the dispersion relation «(k)5 12 D(1
2cos ka), where D is the miniband width, the group velocity
of the electron is vg5(Da/2\)sin(vBt1mf ), where m
5ea(\v)21Eˆ v and f 5sin vt2sin vt0 , with the last term
taking into account the phase between the Bloch oscillation
and the THz field. The group velocity and thus the Bloch
oscillation are frequency modulated with the modulation de-
gree m . For small modulation degree (m!1) we can expand
vg with respect to m f . The electron is submitted to intra-
miniband relaxation, with each relaxation process changing
the phase. Averaging over all phases (vt050 – 2p), we ob-
tain for v@vB by time averaging and omitting all terms,
which vary faster than the period of the Bloch oscillation,
vg5(Da/2\) (12 12 m2)sin vBt. The electron drifts along the
electric force with the drift velocity v5 (1/t) *vg
3exp(2t/t) dt, where t is the intraminiband relaxation time.
The integration delivers v5(12 12 m2)vd , where
vd5(1/2\) DavBt(12vB2 t2)21 is the drift-velocity-field
characteristic4 without THz field. Under the influence of a
THz field the drift velocity is reduced by Dv5 12 m2vd . The
strength of the direct current through the superlattice is
neAv , where n is the carrier concentration and A the super-
lattice area. A THz field leads to a reduction of current, dI
5 12 m
2I , where I is the current for Eˆ v50; in Fig. 1~b!
~dashed! we have shown I for our superlattice. The current
reduction is proportional to m2, i.e., the detector measures
the power of the incident radiation. Maximum current reduc-
tion dIm is obtained for vBt51. Then the responsivity is
given by R5dIm /P5 12 m2Ip /P , where Ip is the peak cur- AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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ten in the form
R5
h
ZA
4a2e2
\2«0
2
Ip
A2
1
v4u«~v!u2
~1!
is proportional to Ip and to A22 and the frequency depen-
dence is given by v24u«(v)u22. For simplicity, we use the
dielectric function «5(d1«GaAs1d2«AlAs)/a , where d1 and
d2 are the thicknesses of the GaAs and AlAs layers, respec-
tively, and «GaAs and «AlAs are the dielectric functions of the
bulk materials, which we describe by Lorentzian curves with
nTO58.0 THz, «(0)512.9, «(‘)510.9 for GaAs, and nTO
510.8 THz, «(0)510.06, «(‘)58.16 for AlAs.5 The cal-
culated responsivity ~Fig. 2, solid line! delivers a damping
constant ~0.45 THz! which is larger by a factor of 6 then the
damping constant of bulk GaAs;6 we suggest that roughness
of the GaAs/AlAs interfaces caused a broadening of the pho-
non resonances. For the coupling between radiation and an-
tenna we found that the efficiencies ~h5231023 for detec-
tor A and 1022 for detector B! were small, most likely
because of nonperfect adjustment of the antenna wire or due
to the finite wire thickness. We suppose that the intramini-
band relaxation was mainly determined by inelastic scatter-
ing; in an inelastic scattering process an electron looses en-
ergy to phonons. However, elastic scattering especially due
to interface roughness can diminish the direct current7,8 and
also the modulation degree.
We finally discuss the possibility of an ideal superlattice
detector ~for a frequency v!, which has a perfect matching
between the antenna and the free space on the one side and
the superlattice on the other side. For the ideal detector the
real parts of the antenna conductance and of the electron–
superlattice conductance are equal and the imaginary part of
the antenna conductance is equal to the sum of the imaginary
parts of the dielectric and electron–superlattice conduc-
tances; now, the real part of the dielectric conductance has to
be small compared to the real part of the electron conduc-
tance, i.e., the THz current through the superlattice is mainly
carried by the electrons. A detailed analysis using the
equivalent circuit, @Fig. 1~c!# delivers9 the responsivity of
the ideal detector ~for vBt51! Rid5et(2N\)21
5(vt/2N)e(\v)21, where N is the number of superlattice
periods (Na5L). The ideal responsivity is thus equal to the
product of the quantum limit e(\v)21 of detection and the
quality factor vt , which is a measure of the number of os-
cillations of an electron in the THz field within the lifetime t,
divided by twice the number of superlattice periods.
In Fig. 3 we have drawn, besides the experimental pointsDownloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject toand the theoretical curves for the superlattices A and B, the
responsivity of the ideal superlattice detector, which lies by
an order of magnitude below the quantum limit and, addi-
tionally, a theoretical responsivity R* for a superlattice of
type B, but with a diameter of 1 mm ~rather than 5 mm in our
experiment!, assuming h50.2 and phonon damping (g
50.07 THz) as in bulk crystals. We suggest that R* may be
attainable for a superlattice of high quality of the interfaces
and an antenna with a wire ~diameter 10 mm rather than 25
mm as in our experiment! having a negligible inductance.
Our experimental results together with the analysis indi-
cate that the superlattice detector has a wide range of re-
sponse. We expect that the upper frequency limit is deter-
mined by the miniband width, which corresponds to about 30
THz for superlattice B. By designing superlattices with still
larger miniband width, the upper limit can be further ex-
tended. Phonon resonances, which diminish the responsivity,
can be shifted by choosing other superlattice materials.
In conclusion, we have shown that the superlattice de-
tector, based on Bloch oscillations of miniband electrons, is
suitable for detection of THz radiation in a wide frequency
range, with a responsivity having minima at the frequencies
of infrared active phonons.
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